Cells of any organism are consistently exposed to changes over time in their environment. The kinetics by which these changes occur are critical for the cellular response and fate decision. It is therefore important to control the temporal changes of extracellular stimuli precisely to understand biological mechanisms in a quantitative manner. Most current cell culture and biochemical studies focus on instant changes in the environment and therefore neglect the importance of kinetic environments. To address these shortcomings, we developed two experimental methodologies to precisely control the environment of single cells. These methodologies are compatible with standard biochemistry, molecular, cell and quantitative biology assays. We demonstrate applicability by obtaining time series and time point measurements in both live and fixed cells. We demonstrate the feasibility of the methodology in 2 yeast and mammalian cell culture in combination with widely used assays such as flow cytometry, time-lapse microscopy and single-molecule RNA Fluorescent in-situ Hybridization.
Introduction
In a human body, cells are constantly exposed to diverse physiological environments that change over time and space. For example, it has long been known that external or internal stressors [1] [2] [3] [4] , morphogen concentrations 5, 6 , drugs (pharmacokinetics) or hormone Recent pioneering studies have provided insights into how molecular processes differ in kinetic environments in comparison to instant changes in the environment [2] [3] [4] [5] [10] [11] [12] [13] [14] [15] . These studies have often relied on two main approaches to deliver the desired kinetic perturbations on the cells. One is the use of specialized, small-scale and custom designed microfluidic setups [16] [17] [18] [19] [20] .
But fabricating these devices is often complex, may require specialized equipment to produce, 3 may take significant time to set up and are limited in the compatibility with and application of many common biological assays [16] [17] [18] [19] . On the other hand, simpler approaches implemented the use of syringe pumps and flow chambers that avoid the complexity of microfluidics 21 . Although these are state of the art methods to observe single cells in small volumes under the microscope, these methods are not compatible with standard molecular and cell biology assays.
Furthermore, currently published methods generate only an approximate kinetic perturbation while they lack in validation and detailed description in how to generate kinetic environments when concentration and volumes changes over time. Therefore, a simple and precise methodology of generating a variety of kinetic environments in regular and microfluidic cell culture do not exit.
Here we provide a simple, precise and versatile methodology to generate a variety of kinetic perturbations for many common bulk and single cell assays by avoiding the complexity of common microfluidic devices. To the best of our knowledge there is no other method yet that enables the study of cells with many biological assays after exposure to a kinetic environment.
We describe two methodologies to generate gradually changing environments that are compatible with standard molecular biology and cell culture conditions (Figures 1-3 ). We demonstrate our methodologies in yeast and a human cell line and demonstrate its applicability in combination with standard laboratory assays of signal transduction and gene regulation in population or single cell experiments (Figures 1d, 4) . We believe our simple yet general methodology to precisely control the environment will enable new biological insights in how single cells respond to kinetic changes in the environment.
Results
Proof of feasibility using cell lines 4 To demonstrate our approach, we compare rapidly changing environments to gradually changing environments of increasing concentrations of a stimulus (Figures 1c, 2a We have developed software to accurately compute the pump profiles for a desired experimental design and validated these profiles experimentally ( Figure 3) . These changes need to be considered to accurately compute the desired pump profile and failure to do so can result in significant error in the pump profile as plotted in Figure 3 .
The desired concentration profile consists of a maximum number of discrete time points set by the programmable pump. We construct any arbitrarily concentration profile by combining Removing volume and adding stimulus to the flask result in a concentration change that needs to be accounted for in the pump profile calculation, which is not done by any other published method.
In Figure 3 we demonstrate that not taking these considerations into account result in large errors specifically at high stimulus concentrations.
Algorithm to compute pump profiles
We calculate the stimulus concentration profile for discrete time points as depicted in Figure S1 . The calculation results are shown in Tables S1 and S2 for TS and TP profiles.
Experimental validation of pump profiles
We experimentally verify the specific profile presented in Figure 3 (right, linear gradient of 0.4 M over 50 min for TS experiment). In order to illustrate the high accuracy and precision of the profiles applied to the cells, we experimentally instrument-proof our calculations. We measure the total dispense volume via Pump 1 delivered using the setup in Figure 1c by measuring the weight of the Beaker 1 over the treatment time on a digital balance. As shown in Figure 3f , we calculate the molarity profiles resulting from these measurements and compare them to our calculation and theoretical profiles. In Figure 3g , we show the corresponding errors from . In Setup2 -uncorrected, the pump rate for Pump 1 is uncorrected and the pump rate for Pump 2 is kept constant (red). In Setup 2 -correction 1, the pump profile is corrected for volume taken out by Pump 2 (blue). In Setup2 -correction 2, the pump profile is corrected for volume removal and therefore change in stimulus concentration (black). For each setup, we compare the dispensed volume of highly concentrated NaCl solution in ml (Figure 3b ), the pump rate in µL per minute (Figure 3c ), the computed concentration profiles (Figure 3d ) and the percent of error after for each condition ( Figure 3e ). As time progresses, the corrections become more significant for the dispensed volume and the pump rate for setup 2 uncorrected and setup 2 with correction 2. These differences can be seen in the constructed profiles ( Figure   3d ). From these computational profiles, it became apparent that the corrections are important as they reduce errors in the pump profiles significantly (Figure 3e ).
0
Application of kinetic cell perturbation to study dynamic cell shape, cell signaling and gene regulation in single and populations of cells
To demonstrate the power of our approach, which is the ability to precisely control the kinetic environment of a cell, we focused on three levels of cellular response: cell shape, signal transduction and gene regulation (Figures 1, 4a) 
Discussion
We describe methodologies that allows the generation of physiologically relevant environmental changes in cell culture. We demonstrate in Figure 3 that it is critical to consider the specific sampling time, sampling volume, number of samples and volume change caused by the addition of stimulus. Because sampling changes the total number of cells in the flask, the total stimulus and the volume, these conditions need to be reflected in the programed pump profiles.
Failure to do so result in wrong pump profiles with non-linear errors over time. We demonstrate in several examples that we generate gradual changes in the environment over time. Our methodology aids in the application of profiles that might more closely represent physiological conditions than rapidly changing environments ( Figure 1 ). We developed two experimental methodologies to measure cells at specific time points, labeled Time Point (TP) and Time series (TS) measurements, that can be combined with standard cell population experiments and single-cell experiments (Figure 2 ). In contrast to the vast amount of microfluidic approaches that are available, our methodology allows a quick and easy setup that can be established in any biological laboratory setting. Further, because our method is scalable to large volumes of cell culture, it can be combined with microfluidic/live cell microscopy, gene expression analysis, flow cytometry and many other biological and biochemical assays. From these experiments we observe that cell volume and Hog1 signaling changes slowly if the kinetic osmolyte profiles changes rapidly. This is consistent with previous reports on Hog1 signaling during osmotic stress 20 . Mean JNK phosphorylation is delayed and non-adaptive in cells exposed to a gradient in comparison to a step of NaCl. This result indicates that the JNK activation dynamics respond 1 2 is NaCl threshold dependent. Finally, RNA-FISH data in yeast indicate that STL1 mRNA expression is delayed if cells are exposed to gradual changing environments.
Conclusion
We developed algorithms that generate precise kinetic perturbations by accounting and correcting for the changes in cell culture volume and concentration profiles caused by the stimulus application and sample removal. We demonstrate the wide applicability of this Yeast strain and cell culture 1 3 Saccharomyces cerevisiae BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0) was used for CSM medium (pre-culture). After 6-12 hours, the optical density (OD) of the pre-culture was measured and diluted into new CSM medium to reach an OD of 0.5 the next morning.
Experimental procedure for human cells upon step and linear gradient stimuli application
A programmable pump (New Era Syringe Pump Systems, NE-1200) was used to apply gradually increasing (linear gradients) profiles. In brief, pumping rate and dispensed volume per interval were calculated as described in the pump profile calculation section and uploaded to the 
Flow Cytometry Analysis
Flow Cytometry data was analyzed with custom R software. The main cell population was gated on FSC-A vs. SSC-A by using the flowcore package 32 . Means and standard deviations of mean fluorescent intensity were calculated for 2-3 replicates and plotted over time. A syringe pump (Pump 2) at the exit of the flow chamber was used to deliver the specific 1 5 osmolye profile through the flow chamber with a constant rate. For step-like osmotic perturbation, Beaker 1 had CSM medium with a fixed concentration of 0.4 M NaCl. For the linear gradient perturbation, Beaker 1 only contained media without NaCl at time zero. Using a second syringe pump (Pump 1), profiles of increasing linear osmolyte concentration were generated through pumping 4 M NaCl CSM media into Beaker 1 under constant mixing on a magnetic stir plate (Table S1 ).
Image acquisition
The (Table S2) .
Cells are constantly shaken at 250 rpm in a 30 °C incubator to ensure homogenous mixing. then the cell pellet was resuspended with 1 ml ice-cold Buffer B and spun down for 5 minutes at 500 x g. After discarding liquid phase, the pellet was gently re-suspended with 1 ml of 70 % ethanol and kept at 4 °C for at least 12 hours or stored until needed at 4 °C. Hybridization and microscopy condition were applied as previously described (27) .
Image analysis
Image segmentation was performed in a two-step process. First, the fluorescent tagged Hog1-kinase (Hog1-YFP) image was smoothed, background corrected and automatically thresholded to identify the brightest pixels for each cell. The region of brightest pixels was then used as an intracellular marker. Second, the bright field image was smoothed, background corrected and then overlaid with the previously processed YFP image. On this new image a watershed Availability of data and material 1 8 The datasets during and/or analyzed during the current study available from the corresponding author on reasonable request.
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